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Moles are unique among mammals because all females of several species of genus Talpa have bilateral ovotestes (gonads with both
ovarian and testicular tissue). Based on the analysis of a large sample of embryos, foetuses and infants over a 13-year period, we have studied
the development of the gonads in male and female moles of the species Talpa occidentalis. Several new field and laboratory procedures were
developed specifically to obtain and manage this singular material. Our results reveal that gonads of female moles develop according to a
testis-like pattern, which includes cord formation and mesonephric cell migration, and begins at the same time as testis differentiation in
males. The first signs of sex differentiation do not appear in males but in females. Female (but not male) gonads are regionalised with a cortex
(precursor of the ovarian tissue) and a medulla (precursor of the testicular tissue). Germ cells concentrate only in the cortex, so that the
medulla soon becomes sterile. Testicular tissue development is transiently retarded in females for about a week before birth, and resumes
afterwards. Development of the ovarian tissue in females is considerably delayed with respect to that of testicular tissue in both males and
females. The molecular characterisation of peritubular myoid cells, which are exclusive of testes, evidences the presence of testicular tissue in
the gonads of female moles, which also contain Leydig cells. However, the absence of fully differentiated Sertoli cells indicates that these
cells are not responsible for triggering the differentiation of such a testicular tissue. Our results are also discussed regarding the definition of
Sertoli cell morphology and function, and the possible role of germ cells in the sex-reversal process. Differences observed between XX and
XY gonad development in moles suggest that the mammalian testis-determining gene, SRY, has an ‘‘anti-regionalisation’’ role during gonadal
development, at least in those mammalian species in which regionalisation of the female gonad occurs.
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Introduction their functions are being investigated (reviewed in Jime´nezMammalian embryos have no definite sex during early
stages of development. At the time of sex determination, the
gonadal sex (testes or ovaries) is defined by the genetic sex
of the embryo (XY or XX). Then, the sexual hormones
produced by the existing gonads direct the differentiation of
either male or female features (the phenotypic sex). A gene
on the Y chromosome, SRY, controls the genetic machinery
involved in mammalian sex determination and differentia-
tion (Koopman et al., 1991; Sinclair et al., 1990). Several
genes involved in these processes are currently known, and0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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Before gonad differentiation, mammalian embryos have
two undifferentiated gonadal primordia (the genital ridges)
that contain epithelial-like cells, primordial germ cells and a
few stromal cells (Wartenberg et al., 1991). In rodents, the
first event of testis differentiation, and hence of sex differ-
entiation, is the migration of mesenchymal and endothelial
cells from the adjacent mesonephros into the XY genital
ridge (Merchant-Larios and Taketo, 1991). This is necessary
for the subsequent formation of testis cords and the differ-
entiation of Sertoli cells (Tilmann and Capel, 1999). This
cell migration depends on the expression of SRY in the pre-
Sertoli cells (Capel et al., 1999). Sertoli cells are thought to
induce testis organogenesis, including Leydig cells (which
produce testosterone), peritubular myoid cells, the tunica
albuginea and the vascular system in the developing testis
(see Burgoyne and Palmer, 1993). A few days later, ovarian
Table 1
Material analysed, classified according to developmental stages and the
procedures used
Stage Age No. of No. of individuals analysed
litters
Paraffin
embedding
Resin
embedding
Males Females Males Females
s4 14–16 dpc 3 5 5 1 1
s5a 17 dpc 3 2 2 4 2
s5b 18 dpc 4 3a 4a 2b 3b
s5c 19 dpc 2 3 1 2 2
s6 19–21 dpc 4 4 3 2 5
s7 21–23 dpc 4 3 4 3 4
s8 24–28 dpc 3 2 2 2 3
s9 (newborn) 0–1 dpp 3 1 3 2a 6a
s10 5 dpp 5 2 3 4 5
s11 10 dpp 3 0 0 5 5
s12 15 dpp 2 0 0 2 4
s13 20 dpp 2 0 0 2 4
s14 25 dpp 3 0 0 4 6
s15a 30 dpp 2 0 0 1 2a
s15b (juvenile) 30–dpp 3c 0 0 1 2a
Total 45 24 25 37 54
dpc—days post coitum.
dpp—days post partum.
a One male and two females of this group were used for immunohisto-
chemical detection of MT1-MMP-expressing cells.
b Ultrathin sections were also cut from the gonads two males and two
females of this group for electron microscope analysis.
c Only one individual was analysed from each of these three litters.
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among the primordial germ cells. Epithelial-like cells ag-
gregate around oocytes and form gonadal cords. Primordial
follicles are then formed by migration of mesonephric
mesenchymal cells, which split the gonadal cords (reviewed
in Merchant-Larios and Taketo, 1991).
Sex reversal implies the formation of XX testicular tissue
or XY ovarian tissue. Female moles of the species Talpa
occidentalis present a unique case of XX sex reversal, as
they all have two bilateral ovotestes (Jime´nez et al., 1988,
1993). The same trait was also demonstrated in three other
species of this genus: Talpa europaea, Talpa stankovici and
Talpa romana (Sanchez et al., 1996). The ovarian region of
these ovotestes contains normal follicles that represent the
fertile component of the gonad. The portion of testicular
tissue is dysgenic and often occupies most of the gonad
volume. This contains abundant Leydig cells that produce
testosterone at exceptionally high levels (Jime´nez et al.,
1993; Whitworth et al., 1999). There are also numerous
short and frequently spherical testis cords, or testicular
spherules, which contain epithelial-like cells resembling
immature Sertoli cells, but lack germ cells. These structures
are surrounded by myoid cells. Further male features of
these ovotestes are the formation of a tunica albuginea like
that of XY testes, a rudimentary epididymis and a complete
vascular system (Jime´nez et al., 1993).
Moles are seasonal breeders (Deanesly, 1966; Jime´nez et
al., 1996b; Matthews, 1935). Particularly striking are varia-
tions in the level of serum testosterone in females; during
the non-breeding season, this level may equal that of males
but is much lower during the breeding months (Jime´nez et
al., 1993; Whitworth et al., 1999).
In this paper, we report the development of male and
female gonads of pre- and postnatal moles during a
continuous period of life spanning from the stages before
sex differentiation to the onset of puberty. On the basis of
both light- and electron-microscopy and immunostaining
analysis, we show that female gonad organogenesis in
many aspects resembles that of a mammalian testis, thus
defining a developmental model which is unique among
mammals and raises new insights on mammalian gonad
organogenesis.Materials and methods
Mole embryos, foetuses and infants
A total of 140 individuals including embryos, foetuses
and infants of the insectivorous mole species T. occidentalis
were collected from 1990 to 2003 in the cultivated area
around Granada, in southern Spain (Table 1), and were used
in embryological studies. In addition, two adult females and
three juvenile subadult males were used in immunohisto-
chemical studies. Moles do not breed in captivity, so all
embryos and foetuses analysed were obtained from wildpregnant females. Moles were captured with mole traps
designed and made by the authors (unpublished). Pregnancy
was detected by abdominal palpation of females. During
palpation, the developmental stage of the embryos was
determined according to the size of the embryonic sacs.
The crown-rump length (CRL) of the embryos could be
estimated this way with a precision of F 1 mm in some
stages. Then, the female was either killed to collect the
embryos (n = 10 pregnant females), or tagged with a
radiotransmitter attached to the tail and released in her
territory. This enabled easy capture of the same female
again once gestation reached the desired stage (n = 8 preg-
nant females), as the position of a tagged female can be
detected in the field by using a radio-receiver and a
directional Yagi antenna. Alternatively, pregnant females
were transported to our laboratory and individually placed
in large built-up cages (1  2 m) with earth and a buried
artificial nest (n = 5). Once in the cage, periodic abdominal
palpations served to determine when the embryos had to be
analysed.
Infants were initially extremely difficult to find, as
nests of T. occidentalis are generally not easily recognised
by external features of the terrain. We located mole nests
by radiotracking pregnant or lactating females for 1 or 2
entire days, to determine their resting place. Suckling
females were detected by ocular examination of the teats
and by the presence of milk after lightly pressing their
F.J. Barrionuevo et al. / Developmenmammary glands. Once localised, the nests (n = 18) were
opened and the infants examined to determine their age,
according to the size, weight and external morphology
(see below). Then, they were either transported to the
laboratory for analysis or reintroduced into the nest,
which was closed again. These nests could be opened
again once the infants had reached the desired stage.
Pregnant females were also placed in our cages and left
to give birth in the artificial nest. They were monitored
with an infrared video camera, connected to a TV monitor
in our laboratory. The recording of the births provided
precise determinations of the age of infants. A more
detailed description of these procedures will be published
elsewhere (Barrionuevo et al., in press).
Stages of mole development
Based on CRL values and the morphology of major
external structures, we have established eight prenatal
stages in the development of T. occidentalis (see Barrio-
nuevo et al., in press). Only those prenatal stages in which
a gonad is present (s4–s8) were studied (Table 1). For the
postnatal development of T. occidentalis, we established a
new stage for every 5 days postpartum (dpp), newborn
moles belonging to stage s9, and fully grown infants
morphologically similar to adult moles belonging to stage
s15. Furthermore, stage s5 was divided into three sub-
stages (s5a, b, c) for more accurate staging, as several
important events of gonad developmental occur in this
period. Similarly, s15 was also divided into two substages
to differentiate nestling juvenile moles (s15a), about 1
month old, from those already weaned (s15b), which
may be 1–8 months old (from newly weaned to pre-
pubertal moles).
Light- and electron-microscope preparations
A number of embryos and foetuses were fixed in toto in
a mix of 70% ethanol, 40% formaldehyde and glacial
acetic acid, in proportions 90:5:5, respectively (Table 1).
After a minimum of 1 day in the fixative, the embryos
were dehydrated in ethanol series, embedded in paraffin
(Paraplast), serially sectioned and stained with haematox-
ylin–eosin, according to standard procedures. In addition,
embedding in epoxy resin was used for both light- and
electron-microscope analysis of developing mole gonads.
For this, gonads were dissected and fixed in Karnowski
fixative (2.5% glutaraldeyde, 1% formaldeyde in 0.1M
cacodylate buffer) for 45–60 min. Then, the pieces were
processed for dehydration and embedding following stan-
dard procedures, including post-fixation in OsO4. Semi-
thin sections (0.8 Am thick) and ultrathin sections (50 nm
thick) were cut with a ‘‘Reichert Ultracut’’ ultramichro-
tome. The ultrathin sections were observed in a Zeiss 10C
TEM at the Technical Services Department of the Univer-
sity of Granada.Sexing mole embryos
The sex of mole embryos cannot be definitively deter-
mined by gonad morphology in stages before s6. Thus,
embryos from stages s4 to s5c were sexed according to the
presence or not of a sex chromatin body in the nucleus of
amniotic cells, which were prepared following the rapid
method we have developed recently with this material
(Jime´nez et al., 2000).
Immunohistochemistry
The gonads from several adult and developing male
and female moles were dissected out and fixed overnight
in phosphate-buffered 4% paraformaldehyde at pH 7.2.
These organs were dehydrated, embedded in paraffin wax
and sectioned and then dewaxed, rehydrated and washed
in PBT (phosphate buffered saline with 0.1% Tween 20).
Preparations were immersed in 0.01M sodium citrate and
treated in a microwave oven (800 W) for about 5 min.
Once cooled at room temperature, the preparations were
washed in PBT. A solution of 10% bovine-serum albumin
(BSA) in PBT was used to perform a blocking reaction.
Preparations were exposed to a dilution of the primary
antibody prepared in PBT with 1% BSA, and incubated
overnight at 4jC. Preparations were washed again and
exposed to a 1:250 dilution of a fluorescein isothiocyanate
(FITC)-conjugated anti-mouse secondary antibody (Sig-
ma). After a final washing, preparations were mounted
in DAPI-Vectashield mounting medium, and observed in a
fluorescence microscope. The primary antibodies used
were: anti-a-smooth muscle actin (a-SMA) (Sigma,
A2547), anti-desmin (Sigma, D1033) and anti-membrane
type 1-matrix metalloproteinase (MT1-MMP, from Dr
A.G. Arroyo), used at 1:400, 1:20 and 1:1 dilutions,
respectively. a-SMA and desmin are typical markers for
the testis-specific, peritubular myoid cells, and MT1-MMP
is expressed in mesenchymal-migrating cells (see below).
Positive controls were performed by using tissue sections
from male testes and negative controls consisted of
experiments where the primary antibody was replaced
by buffer.
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The gonadal primordium of moles
The genital ridges of T. occidentalis are first detectable in
s4 stage. In paraffin sections, they appear as swelling of the
coelomic epithelium in the ventral side of the mesonephroi,
in both males and females (Fig. 1A). At the end of s4, the
gonadal primordia are two dense masses of epithelial-like
somatic cells including very few primordial germ cells
(PGCs), where no defined structure can be recognised
(Fig. 1B).
Fig. 1. The gonadal primordium of moles. (A) Developing genital ridge
(arrow) in an early s4 embryo (M, mesonephros). (B) Gonadal primordium
in a late s4 embryo. Scale bars represent 50 Am in A and 20 Am in B.
Fig. 2. Gonadal sex differentiation in the mole. (A) A cortex (c) and a medulla (m
embryos (mn, mesonephros). (B) No similar structure is formed in the gonads (g) o
are formed in the gonads of both XY (C and D) and XX (E and F) embryos during
represent 50 Am in A–C and E, and 20 Am in D and F.
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Unlike other mammals, the first sign of sex differentia-
tion in moles is the morphological definition of a cortical
region and a medullar region in the gonad of s5a XX
embryos. These regions become physically separated by a
thin layer of clear stromal tissue composed mainly of
intercellular fluid and a few mesenchymal cells (Fig. 2A).
No such structure is formed in the XY gonad of the same
stage (Fig. 2B). PGCs are very scarce and appear in both
gonad regions. Testis differentiation is evident in the gonads
of XY embryos 1 day later (s5b stage). Medullar cords
including PGCs become separated from each other by
mesenchymal tissue in contact with the mesonephric mes-
enchyme (Figs. 2C and 2D). Paradoxically, the same hap-
pens in the gonads of the XX littermates, although
mesenchymal tissue and PGCs are not as abundant as in
males. Also, medullar cords are larger in males than in
females (Figs. 2E and 2F).
Development of the male testis
Testicular development of male moles is similar to that of
other mammals. The testicular cords formed in s5b become
gradually larger by proliferation of both PGCs and pre-
Sertoli cells. PGCs proliferate intensely around birth (Figs.
3A–D). The first myoid-like cells appear at s6 (Fig. 3B), but
these cells do not completely surround the testis cords until
s8 (Fig. 3C). Similarly, the first morphologically looking
Leydig cells are unambiguously identified at s5c and
tal Biology 268 (2004) 39–52) separated by stromal tissue (arrows) are defined in the gonads of s5a XX
f the XY littermates (mn, mesonephros). Medullar (testicular) cords (arrows)
s5b stage. Arrowheads in D and F indicate primordial germ cells. Scale bars
Fig. 3. Testis development in XY male moles. (A) A testis in s5c stage. (B) Myoid cells (arrows) and the first patches of Leydig cells (arrowheads) are seen in
s6. Around birth, during stages s8 (C) and s9 (D), primordial germ cells (arrows) proliferate very actively, and the tunica albuginea is already formed (ta).
During postnatal development, represented here by stages s11 (E) and s15b (F), continuous growing leads to the final testicular morphology; l, Leydig cells, g,
germ cells, m, myoid cells, bv, blood vessel. Scale bars represent 50 Am in A, B and E, and 20 Am in C, E and F.
F.J. Barrionuevo et al. / Developmental Biology 268 (2004) 39–52 43patches of them are seen in s6, but the differentiation of
Leydig cells occurs very gradually, so that they do not
occupy almost the entire interstitial space of the testis until
the juvenile age (s15b; Figs. 3B–F). The vascular system of
the testis initiates in s5b and develops rapidly afterwards so
that a complete arterial and venous system is formed (Figs.
3E and 3F). The s8 stage marks the onset of the formation of
the rete testis (not shown). The tunica albuginea differ-
entiates between s6 and s8 (Figs. 3B and 3C).
Development of the female ovotestis
In s5c, the medullar region of the XX gonad contains
numerous cords separated by mesenchymal tissue with
abundant blood vessels (Fig. 4A). Part of this mesenchyme
has penetrated the cortical region, thus inducing the forma-
tion of cortical cords, but does not reach the surface
epithelium. Notably, a process begins at this stage by which
masses of somatic cells are projected from the most deep
cortical cords towards the medullar region, thus forming
new medullar cords (shown in s7 embryos; Fig. 4D). Germ
cells are rarely involved in this process, which continues
until the s12 stage —15 days after birth—coinciding with
the onset of folliculogenesis. Furthermore, active cell pro-
liferation occurring in the most profound medullar cords
also adds to the increase in the size and number of these
cords.
In s6, the two gonad regions begin to be physically
separated by a thick layer of mesenchymal tissue, which
seems to invade the gonad through the peripheral zone of itsarea of contact with the mesonephros (Fig. 4B). PGCs begin
to proliferate very actively in s6.
In the cortical region of s7 foetuses, two differentiated
layers can be distinguished (Fig. 4C). The external cortex
is thinner and lighter than the profound cortex, and
contains few PGCs and no cords. The profound cortex
contains large cords composed mostly of PGCs, highly
irregular in shape and widely separated by mesenchymal
tissue containing abundant blood vessels. The external
cortex is not penetrated by this mesenchyme. As in
previous stages, the most profound cortical cords still
provide the medullar region with somatic cells that incor-
porate to the newly formed medullar cords (Fig. 4D). The
first myoid-like cells are seen in about s7, roughly 2 days
later than in testes of males (Fig. 4E).
By s8, the medullar region is almost completely encap-
sulated in a thick layer of mesonephric mesenchymal tissue,
which is only partially interrupted in the central area of the
cortex–medulla border. It bears noting that in this stage the
most central medullar cords begin to fractionate, thus
originating multiple small spherical bodies that we will call
‘‘medullar spherules’’ (Fig. 4F). The gonad becomes a
bipartite body, where the cortical portion is for the first
time larger than the medullar region due mainly to the
extremely intense proliferation of PGCs. This proliferation
is now especially intense in the external cortex where
cortical cords are also formed (Fig. 4G).
In the newborn female mole, most of the medullar region
is occupied by medullar spherules (Fig. 5A), increasing in
number. The cortical region has changed again and two
Fig. 4. Prenatal development of female mole gonads. (A) In s5c, the presence of cords (arrows) is evident in the medullar region (m); the cortical region (c) also
shows cord-like structures (arrowheads) in the most profound areas. (B) In s6, a thick layer of mesenchymal cells migrates from the mesonephros to the gonads
(arrows) and begin to separate the cortex (c) from the medulla (m). (C) An external cortex (ec) without cords, and an internal cortex (ic) with thick cords, appear
in s7 gonads; m, medulla. (D) Masses of somatic (arrows) cells coming from profound cortical cords (cc) are projected towards the medullar region, thus
forming new medullar cords (mc). (E) The first myoid-like cells (arrows) appear in s7 surrounding medullar cords (mc). (F) In s8 medullar cords (mc) begin to
fractionate, thus forming the first medullar spherules (me). (G) In this stage, mesenchymal cells reach the external cortex (ec), thus, forming external cortical
cords (arrows); bv, blood vessel. Scale bars represent 50 Am in A–C, 40 Am in D and 20 Am in E–G.
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in the external layer during s8 are larger, contain many
PGCs and have become separated from each other by
mesenchymal tissue, which is in contact with that of the
profound cortical layer. Proliferation of PGCs decreases
after birth (Fig. 5B).
The medullar spherules are more easily identified in s10,
as they are clearly separated from each other by mesenchy-
mal tissue. Two typically testicular cell types are seen in this
stage: (1) myoid-like cells that increase in number from s10
on, and (2) Leydig-like cells, which are still scarce (Fig.
5C). In addition, two patches of the old medullar cords
persist in the medullar region. One of these, in the near
vicinity of the cortex, is constituted by the medullar cords
newly formed, most of which keep contact with most
profound cortical cords; these cords are transient as they
are rapidly fractionated to cause new spherules (Fig. 5D).
The other group of medullar cords, appearing adjacent to the
remaining structures of the disorganised mesonephros (Fig.
5E), is the precursor of the rete testis, which will be finally
formed during the juvenile stage (see below). In any case,
the most striking event in the s10 gonad is that PGCs enter
meiosis. PGCs in the most profound cortical cords enter
meiosis 4 days after birth, whereas those in the most
peripheral cords begin several days later (Fig. 5F).
In s11, the female gonad continues to be a bipartite
structure (Fig. 5G). The medullar region has several cleartesticular features. Most medullar spherules, which hereafter
will be called testicular spherules, are completely sur-
rounded by myoid cells, similar to those found in s5b male
testes (Fig. 5H). The interstitial tissue, for the first time,
contains large patches of Leydig-like cells, many of which
are not yet completely differentiated. As in the adult, this
testicular tissue is already organised into lobules separated
by walls of vascularised connective tissue. In the cortical
region, a few non-meiotic PGCs persist in the most periph-
eral cords (not shown).
The external morphology of the s12 female gonad is
similar to that of an adult ovotestis (shown in s15 infants),
but it is smaller. Noteworthy here is the onset of folliculo-
genesis, which in this stage is detected only in the most
profound cortical cords (Fig. 5I). The testicular portion is
surrounded by a thick connective capsule, the tunica albu-
ginea, identical to that of a male testis (shown in s14 infants,
Fig. 5L). Leydig cells are much more abundant than in s11,
and their morphological features denote high steroidogenic
activity (see below).
In s13, the ovarian portion is smaller whereas the
testicular portion is much larger than in s12. This growth
is due mostly to the differentiation of many new Leydig
cells (Fig. 5J). Folliculogenesis is generalised, affecting all
oocytes in the ovarian portion.
During the rest of the developmental stages (s14 and s15
a and b), the testicular portion of the gonad continues to
Fig. 5. Postnatal development of female mole gonads. (A) Medullar spherules (ms) in a newborn female mole. (B) Large cortical cords (cc) with many
primordial germ cells (arrows) are separated by mesenchymal tissue (arrowheads) during s9. (C) In s10, the number of myoid-like cells (arrows) surrounding
medullar spherules (ms) begins to increase, and the first Leydig cells begin to differentiate (arrowheads). (D) New medullar cords (mc) continue to be formed
from deep cortical cords (cc) in s10. (E) A group of old medullar cords (mc), not fractionated into medullar spherules (ms), remain in s10 adjacent to the rest of
the mesonephros (mn). (F) Zygotene oocytes (o) in the cortical region of a s10 gonad. (G) General view of a s11 gonad; the cortical (c) and the medullar (m)
regions are clearly distinguishable. (H) The medullar region of s11 gonads, with spherules (ms) surrounded by myoid cells (arrows) and interstitial tissue
containing Leydig cells (arrowheads) and blood vessels (bv), resembles a testicular tissue. (I) In s12 folliculogenesis begins with cortical somatic cells (arrows)
surrounding and separating oocytes (o). (J) In s13 ovotestes, Leydig cells are abundant and form large patches (l). (K) The Leydig cell hyperplasia continues in
s14 so that patches of fully differentiated Leydig cells are larger in this and following stages (l). (L) A general view of an s14 gonad, which is now very similar
to that of an adult gonad (op, ovarian portion, tp, testicular portion, ta, tunica albuginea). (M) Many oocytes degenerate (arrows) during s14 stage. (N) In s15a, a
number of follicles (arrow) fall into the testicular portion (tp) of the ovotestis and finally degenerate (ms, medullar spherules). Scale bars represent 10 Am in G
and L, 50 Am in E, 20 Am in A–D, H, J, K, M and N, 10 Am in F and I.
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in s12 (Fig. 5K). As a consequence, in s15, this testicular
portion is about 10–20 times larger than the ovarian portion(Fig. 5L). Another noteworthy consequence, derived from
Leydig-cell counts, is that the number of these cells in s15
females triples that of males. This testicular tissue is already
Fig. 6. Ultrastructure of Sertoli and Leydig cell types in XYand XX moles. (A) XYpre-Sertoli cells (s) in a developing XY male during s5b stage (g, primordial
germ cell). (B) XX pre-Sertoli-like cells (s) in a developed ovotestis of a juvenile female mole in s15b stage (m, myoid cell); the morphology is almost identical
to that of Sertoli cells shown in A. (C) XX cells (asterisks) forming a medullar spherule in a s9–10 female mole. (D) XX cells (asterisks) in a just-formed
medullar cord (mc) in an s5b female gonad (m, interstitial mesenchymal cells). Note the similarity between the cells shown in C and D. (E) Differentiating
Leydig cells in a s5b male mole. (F) Detail of the cytoplasm of a fully differentiated Leydig cell in a juvenile female mole during s15b stage (n, nucleus; m,
mitochondria). Scale bars represent 5 Am in A–D, 2 Am in E and 1 Am in F.
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the rete testis. On the other hand, in the same period (s14–
s15b), the ovarian portion is involved in a degenerativeFig. 7. Immunostaining of testicular cells and migrating cells with specific mole
cells appear immunoreactive for the a-smooth muscle actin protein (arrows) in th
same section is shown in B after haematoxylin staining, which permits morpho
(TS). LC, Leydig cells. (C) Positive immunostaining for a-?smooth muscle actin
the testis of a juvenile (s15b stage) male mole. LC, Leydig cells. (D and E) M
cytoskeletal intermediate filaments, in the gonads of both a juvenile female (D)
Leydig cells. (F and G) Detection of migrating cells in the gonads of a s5b
metalloproteinase antibody. At low magnification (F), migrating cells are seen as
the gonadal medulla (GM), but not in the gonadal cortex (GC); the white and yel
gonad–mesonephros border, respectively. At higher magnification (G), some of t
dotted line is placed on the border between the gonadal cortex (GC) and the mes
represent 50 Am in F and 20 Am in the rest of pictures.process that gradually reduces its volume and oocyte con-
tent. This occurs in three ways. First, many oocytes degen-
erate and their follicles are finally depleted (Fig. 5M). Thiscular markers in gonads of T. occidentalis. (A and B) Peritubular myoid
e testicular portion of the gonad of an adult non-breeding female (A); the
logical identification of the myoid cells surrounding a testicular spherule
protein of peritubular myoid cells (arrows) on the testicular cords (TC) of
yoid cells are also immunoreactive for desmin (arrows), a protein of the
and a juvenile male (E). TS, testicular spherule; TC, testicular cord; LC,
XX mole after immunostaining with an anti-membrane type 1 matrix
tiny bright spots (arrows) scattered throughout the mesonephros (MN) and
low dotted lines mark the cortex–medulla border inside the gonad and the
he migrating cells show two or more cytoplasmic projections (arrows); the
onephros (MN), where migrating cells are especially abundant. Scale bars
F.J. Barrionuevo et al. / Developmental Biology 268 (2004) 39–5248process continues during s15a and most s15b, and is
variable between individuals. Second, some deep follicles
in direct contact with the testicular tissue are incorporated
into the latter, with the subsequent oocyte depletion and the
transformation (transdifferentiation; see below) of follicular
cells into Sertoli-like cells (Fig. 5N). This process occurs
only during s14 and has little quantitative significance.
Finally, oocyte depletion is also favoured by the fact that
juvenile females (s15b) undergo early maturation of some
profound oocytes thus leading to atretic follicles (not
shown).
Ultrastructure of XY and XX pre-Sertoli and Leydig cell
types of moles
In XY pre-Sertoli cells of s5b male embryos, the nucleus
is large, frequently rounded but never elongated. It is clear,
with low density and few patches of heterochromatin
attached to the nuclear envelope (Fig. 6A). The cytoplasm
is also clear, with dense, elongated mitochondria and the
rough endoplasmic reticulum is still scant. The intersertolian
junctional specialisations and the deep indents in the nuclear
envelope, typical of the Sertoli cells of adult XY males (not
shown) are not yet found in these embryonic cells. Almost
identical cytological features may be observed in the pre-
Sertoli-like cells of the ovotestes in XX female moles since
s15b and throughout adulthood (Fig. 6B). During the
formation of the testicular tissue of female ovotestes, in
s9–s10 for instance, the cells in the testicular spherules have
more irregular and heterochromatic nuclei and smaller
cytoplasm (Fig. 6C), and are very similar to the cells of
the medullar cords present in XX female gonads since s5b
(Fig. 6D).
Differentiating Leydig cells in XY male embryos during
s5b have a rounded, but not a typically round, nucleus with
little heterochromatin and one or two nucleoli. The cyto-
plasm is not yet very large, already rounded but never
polygonal, as it is frequent in adult males and females.
Lipid droplets and cisternae of smooth endoplasmic reticu-
lum are growing in number but this is low yet. Mitochondria
are still elongated and have not reached their definitive
round morphology with tubular cristae (Fig. 6E). Leydig
cells differentiating in s9–s10 XX gonads show very similar
features. XX Leydig cells in s15b females (Fig. 6F) are
identical to those present in adult XX females and identical
to those of adult XY males (Jime´nez et al., 1993).
Molecular characterisation of testis-specific cells and
migrating cells
The presence of the testis-specific peritubular myoid cell
type in the testicular region of Talpa ovotestes was
evidenced by immunohistochemical demonstration of two
myoid-cell molecular markers: a –smooth muscle actin
(Figs. 7A and 7B) and desmin (Figs. 7C and 7D)(see
Palombi et al., 1992; Tung and Fritz, 1990). In both malesand females, a continuous layer of a-SMA- and desmin-
expressing cells surrounds the testicular cords and the
testicular spherules, respectively. Furthermore, the presence
of mesenchymal cell migration into the female gonad of
moles at the time of testis differentiation in males (s5b
stage), supported by the fact that scattered cells expressing
the membrane type 1-matrix metalloproteinase (MT1-
MMP) protein (see Ga´lvez et al., 2001), is observed in both
the mesonephros and the gonad of XX moles, as shown by
immunohistochemistry (Figs. 7E and 7F). MT1-MMp-pos-
itive cells show variable morphology, frequently with two or
more cytoplasmic projections, and into the gonad, they
appear in the medulla but not in the cortex.Discussion
The exceptional features of gonad development in female
moles
Moles are the only mammals in which the first signs of
sex differentiation do not appear in males but in females.
The bipartite nature of the gonad in female moles, defined
by the formation of two regions (medulla and cortex)
appears in s5a, before testis differentiation occurs in male
moles during s5b. In moles, the SRY gene is Y-linked and, as
in other mammals, it probably acts as the testis-determining
gene (Jime´nez et al., 1993). Thus, it seems that the first task
of SRY in moles is to avoid gonad regionalisation, as no
such event occurs in male gonads in s5a, when SRY is
already being expressed (unpublished). Although experi-
mental data in the mouse suggest that SRY has the sole
function of triggering Sertoli cell differentiation (see Can-
ning and Lovell-Badge, 2002, for a review), our results in
the mole indicate that further, currently unknown, conse-
quences may derive from SRY expression (either direct or
indirect). These additional functions could be non-general-
ised to all mammalian species.
The timing of gonad development varies between mam-
mals, primarily the time differences between the onset of
testis and ovarian differentiation (Fig. 8). Unlike in other
small species (mice, rats), in moles and in large mammals
(humans, pigs), the onset of female meiosis is considerably
delayed with respect to the time of male testis differentia-
tion. In fact, moles are the only mammals in which female
meiosis begins after birth. Ovarian tissue in female mole
ovotestes develops according to a pattern very similar to that
of the human ovary (Pinkerton et al., 1961; Mossman and
Duke, 1973), but clearly distinct from that of mice or rats
(see Merchant-Larios and Taketo, 1991). Although this
ovarian differentiation delay may be associated with the
formation of a portion of disgenic testicular tissue in the
same gonads, it is unknown for the moment whether this is
the cause or a consequence of such a delay.
Our results provide convincing embryological evidence
that a portion of testicular tissue develops in the female
Fig. 9. The timing of testicular tissue development compared in male (XY)
and female (XX) moles. Some developmental features occur synchronously
in males and females (solid lines), whereas other events are delayed only in
females (doted lines).
Fig. 8. Time course of gonad development in several mammalian species differing in body size. Letters indicate the relative time at which the main
developmental features take place. These include the formation of the gonadal primordium (P), the onset of testis differentiation in males (T), and the onset of
meiosis (M) and folliculogenesis (F) in females. For normalisation of the developmental timing of different species, a parameter defined as the ‘‘developmental
progress’’ was established by calculating the percentage of gestational days corresponding to any event, considering that the 100% value corresponds to the
developmental stage Carnegie no. 23 in all species. This stage was selected because it was well defined in all the compared species (data obtained from: Butler
and Juurlink, 1987; Marrable, 1971; O’Rahilly, 1979; Theiler, 1972; Witschi, 1962) and because it could also be defined for the mole (s6–s7 stage, 21 dpc).
Percentages higher than 100% correspond to events occurring after Carnegie 23 stage. Note that gonadal primordium formation and testis differentiation occur
almost synchronously in all species, whereas most interspecific differences concern ovarian differentiation. Solid bars highlight the lag between testis
differentiation in males and ovarian differentiation (meiosis initiation) in females.
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entiation in males, and testis-like organogenesis of this
tissue, including mesenchymal cell migration (see below),
clearly support this view. In addition, we present here both
morphological and molecular evidence (detection of desmin
and a-SMA) that peritubular myoid cells are present in these
gonads. The differentiation of this testis-specific cell type
which, unlike Sertoli or Leydig cells, have no homologous
counterpart in the ovary, is direct evidence that testicular
tissue is formed. All these data rule out the hypothesis that
moles represent just a mere case of masculinisation of
females, mediated by androgenic hormones, such as free-
martinism (Beolchini et al., 2000). Hence, female moles of
genus Talpa represent the only case of primary XX sex
reversal leading to fertile stable ovotestes. It is noteworthy
that this occurs in natural populations of several mole
species (Sanchez et al., 1996). A similar case was not
reported previously in either wild or laboratory mammals.
Accordingly, moles of genus Talpa constitutively devel-
op two types of testicular tissue, one in males (XY, normal
and functional) and the other in females (XX, dysgenic and
sterile). Our results show that several events of testicular
differentiation (mesenchymal cell migration, and the forma-
tion of medullar cords, the vascular system and the tunica
albuginea) initiate at the same time in both males and
females, and this occur regardless of whether SRY is present
or not (Fig. 9). This implies that these events are not
triggered by SRY, at least in female moles. However, SRY
seems to be necessary for correct subsequent development.
Medullar cords formed during s5b, for example, are better
developed in males than in females. On the other hand, other
testicular differentiation events are delayed in female but not
in male moles. These include the cytodifferentiation of pre-
Sertoli, Leydig and myoid cells (Fig. 9). Taken together,
current data suggest that testicular development in both XY
and XX moles begins in s5b, but in females, it is transientlysuspended in s5c and resumes around birth (s8–s9). During
the 8 days between s5c and birth, both mesenchymal cell
migration and medullar cord formation continue, thus delay-
ing the initial phases of testis differentiation.
In these XX gonads, testis differentiation resumes before
the onset of ovarian differentiation. The first Leydig-like
cells appear in s10, coinciding with meiosis initiation by
PGCs, and are extraordinarily abundant by s12, when
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by these Leydig cells (Zurita et al., 2003) implies that
ovarian differentiation in XX moles occurs in a strong
male-hormonal environment. Excessive androgen produc-
tion implies a cost on reproductive success of another
masculinised mammal, the female hyena (see Glickman et
al., 1993), but at least in moles, it seems not to disturb
ovarian differentiation.
Mesenchymal cell migration and testicular tissue
differentiation
It is well known that mesonephric cell migration to the
genital ridge is necessary for correct testis differentiation
(Buehr et al., 1993; Byskov, 1986; Merchant-Larios and
Moreno-Mendoza, 1998; Merchant-Larios et al., 1993;
Moreno-Mendoza et al., 1995; Satoh, 1985; Upadhyay et
al., 1979; Wartenberg, 1978, 1982; Zamboni and Upadhyay,
1982). In the mouse, mesonephric cell migration, the first
sign of testis differentiation (Merchant-Larios and Taketo,
1991), is enough to initiate testis differentiation, including
SOX9-expressing Sertoli cells, and in males depends in SRY
(Tilmann and Capel, 1999). This is an indirect dependence,
as cell migration is also induced in XX mice transgenic for
either SOX9 (Vidal et al., 2001) or FGF9 (Colvin et al.,
2001). The later gene acts as the long-range signal produced
by the XY gonad, which induces migration of mesenchymal
cells into the mesonephros. The presence of scattered cells
expressing the MT1-MMP gene in both the gonad and the
mesonephros of s5b female moles indicates cell migration at
this stage. Hence, according to the above data, this meso-
nephric-cell migration represents clear embryological evi-
dence that testicular differentiation is being initiated in these
gonads.
To be effective, mesonephric-cell migration has to take
place in due time. In the mouse, this has to occur between
11.5 and 12.5 dpc; otherwise, no cord formation is induced
(Tilmann and Capel, 1999). In the mole, mesenchymal cells
begin to migrate from the mesonephros to the gonad during
s5b in males as well as in females, and medullar cord
formation is the result in both cases. In our opinion, this
is the most striking embryological event in the testis-like
development of gonads in XX moles.
In the mole, we have reported molecular demonstration
that mesonephric-cell migration is produced, but this seems
not to induce the same type of medullar cords in XX and in
XY mole gonads. The differences could be consequence of
SRY expression, which may then have additional functions,
other than inducing cell migration, to initiate testis differ-
entiation. It is also possible that SRY-induced cell migration
in XY moles occurs more correctly or somewhat earlier than
in XX individuals. However, the latter case would imply
that in the mole, the sensitive period of SRY should be even
shorter than in the mouse, and this is not consistent with the
fact that SRY is expressed for a much longer period in male
moles (our unpublished data). Finally, it is also possible thatmigration in males is more intense than in females due to
additive effect of the SRY-dependent and putative SRY-
independent migration inducers. The former would operate
only in males, whereas the later would act in both males and
females.
We have shown (1) that gonads are regionalised in s5a
XX moles, (2) that mesonephric-cell migration observed in
s5b occurs only in the medullar region and (3) that only this
regions develops according to a testicular pattern. Overall,
these data indicate functional differences between the cortex
and medulla before cell migration, as only the latter region
appears to produce a migration inducer. Hence, only the
medullar region of these XX gonads seems to have the
potential for testis differentiation (see below).
Testicular cell types in the ovotestes of female moles
Mesonephric-cell migration and cord formation, the main
morphological events in testis differentiation, precede Ser-
toli-cell cytodifferentiation in mice and rats (Merchant-
Larios and Taketo, 1991; Tilmann and Capel, 1999). Fully
differentiated, mature Sertoli cells are normally found in
functional male testes. In fact, Sertoli cells cannot mature in
the absence of germ cells, and once the latter have dis-
appeared, Sertoli cells recover immature features (Chung,
1974; McLaren, 1991). Taken together, these facts indicate
that triggering testis differentiation is a task for pre-Sertoli
cells, whereas supporting functionality in adult testes is the
main function of fully differentiated, adult Sertoli cells.
Accordingly, complete Sertoli cell cytodifferentiation is
not necessarily expected in all cases of XX sex reversal.
In female moles, typically testicular cell types, such as
Leydig cells and peritubular myoid cells, show normal
morphology and function, although they develop late,
compared with the same cells in testes of male moles. The
presence of myoid cells was evidenced here by demonstrat-
ing that they produce a-SMA and desmin. The presence of
Leydig cells in these ovotestes has recently been proved in
nestling XX infant moles, which are able to produce high
amounts of testosterone before any ovarian steroidogenic
cells (theca cells) were present in their gonads (Zurita et al.,
2003). The medullar region of the gonad in female moles
also develops a profuse vascular system and a tunica
albuginea, which are also typical testicular features.
However, all these events of testis differentiation are
produced in the absence of any sign of Sertoli cell cytodif-
ferentiation. The cells of the medullar cords lack Sertolian
features during gestation and lactation, but resemble imma-
ture, pre-Sertoli cells after weaning. These cells never
acquire all the morphological features of mature Sertoli
cells, as they lack the inter-Sertolian specialised junctions,
even in the adult females (Jime´nez et al., 1993). These data,
together with the fact the these cells fail to express the AMH
gene (Zurita et al., 2003), and other typical Sertolian
molecular marker (our unpublished data), indicate that
testicular tissue in female moles differentiates in the absence
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monly accepted assumption that Sertoli cell differentiation is
a prerequisite for the subsequent formation of the rest of the
testicular cell types and structures, including peritubular
myoid cells, Leydig cells, the vascular system and the tunica
albuginea, our results in mole ovotestes represent the first
exception to this rule.
The role of germ cells
It has been suggested that XX gonadal sex reversal may
be induced by the loss of germ cells, irrespective of whether
they are meiotic (Jime´nez et al., 1996a; Merchant-Larios
and Taketo, 1991) or mitotic (Whitworth, 1998; Whitworth
et al., 1996). XX germ cells could then prevent neighbour-
ing somatic cells from acquiring the pre-Sertoli cell func-
tional features. Ovotestes in adult female moles have germ
cells only in the ovarian portion (Jime´nez et al., 1993), and
we show here that the medullar region of developing XX
gonads is almost completely devoid of PGCs already by
s5b. Accordingly, the asymmetric distribution of PGCs in
gonads of XX moles may account for the different devel-
opmental fates that the two gonad regions (cortex and
medulla) subsequently undergo. The absence of PGCs in
the medullar region would enable it to enter the male
pathway by permitting a testis-like differentiation.
Regionalisation and gonad development
Gillman (1948) proposed that the gonadal primordium of
mammals is a bipotential organ that may differentiate as
either a testis or an ovary. This implies that the different cell
lineages of the gonadal primordium are also bipotential and
have to decide which cell fate (male or female) they will
undergo during gonad differentiation. Alternatively, Witschi
(1951) suggested that the gonad is regionalised, with a
cortex from which ovarian tissue differentiates in females,
and a medulla from which testes are formed in males. More
recent studies on gonad development in the mouse and the
rat (Merchant, 1975; Merchant-Larios and Taketo, 1991),
and cell lineage-tracing experiments (Capel, 2000; Karl and
Capel, 1998), also performed in the mouse, have clearly
favoured the former hypothesis. Furthermore, the demon-
stration that Sertoli and granulosa cells have a common
origin (Albrecht and Eicher, 2001) also favours the Gill-
man’s model.
However, murine rodents are probably not representative
of the rest of mammals. Female moles do have a clearly
regionalised gonad that fits the Witschi’s model, as do
females of many other mammalian species with a medullar
‘‘interstitial gland’’, which in some cases may resemble a
portion of testicular tissue, as shown in old papers of the
very early 20th century (see Popoff, 1911). More recently,
Mossman and Duke evidenced a high variability in the
structure of the interstitial gland of mammals, whose origin
is also medullar in some instances. Fraenkel (1905) estab-lished the fact that females had an interstitial gland in 21 out
of 45 species analysed (cat, mole and bat, among others)
whereas the other 24 species lacked it, (e.g., human, mouse,
pig or sheep). In our opinion, these facts evidence that
mammals are not a homogeneous group regarding the mode
of ovarian development, and both proposed models are
probably valid. Nevertheless, regionalisation has never been
found to occur in the male gonad, a fact suggesting a
possible ‘‘anti-regionalisation’’ role for SRY at least in
species with regionalised female gonads. Finally, region-
alisation is not incompatible with a common origin for
ovarian and testicular cell lineages because both cortex
and medulla may also have the same origin, as we have
found in female moles.Acknowledgments
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